A new level scheme of 80 Ga has been determined. This nucleus was populated following the β − decay of 80 Zn at ISOLDE, CERN. The proposed level scheme is significantly different compared to the previously reported one and contains 26 levels up to 3.4 MeV in excitation energy. The present study establishes that the previously identified 1.9-s β − -decaying 6 − isomer is the ground state of 80 Ga and the 1.3-s β − -decaying 3 − isomer lies at an excitation energy of 22.4 keV. A new isomeric level was identified at 707.8 keV and its half-life was measured to be 18.3(5) ns, allowing the 685.4-keV transition de-exciting this state to be assigned an M2 multipolarity. The newly measured spectroscopic observables are compared with shell-model calculations using the jj44bpn and JUN45 interactions.
I. INTRODUCTION
The recent availability of clean, intense beams of radioactive isotopes close to the presumed doubly magic nucleus 78 Ni has triggered renewed interest in this region. As it is the region around the most neutron rich doubly magic nucleus (highest N/Z ratio) currently accessible for experimental studies, comparisons between spectroscopic data on the nuclei here and state-of-the-art shell-model calculations play a key role in assessing the impact of neutron excess on effective nucleon-nucleon interactions. Spectroscopic information also allows the evolution of singleparticle orbit energies to be followed as a function of Z and N. In the present work γ decays of the three-valenceproton, one-valence-hole nucleus 80 Ga have been observed and compared to the predictions of shell-model calculations, allowing a sensitive test of neutron-proton interactions in this region.
Nuclear structure is an important input into rapid neutroncapture-process (r-process) nucleosynthesis calculations. The key parameters of interest are ground-and isomeric-state * Deceased.
half-lives and delayed-neutron emission probabilities, which are all influenced by shell structure. The observed r-process abundance patterns traditionally consists of three main peaks around A ∼ 80, 130, and 195, associated with the N = 50, 82, and 126 closed neutron shells. All indications are that the peak around A = 80 must have formed in very different astrophysical conditions than the higher mass peaks [1] . Any erosion of the Z = 28 and N = 50 shell closures would have an obvious impact on the direction and speed of the r-process around the A ∼ 80 abundance peak. Possible experimental evidence for the less-than-robust nature of these shells includes mass measurements, which indicate that 78 Ni is not the most tightly bound nucleus of this region [2] .
A recent collinear laser-spectroscopy experiment [3] has identified a 3 − isomeric state in 80 Ga, lying at an unknown energy above the proposed 6 − ground state. Half-lives for these two β-decaying states were recently reported in Ref. [4] . In the present work, the excitation energy of the 3 − isomeric state of 80 Ga is determined from the observed γ -decay scheme and the positions of several levels are revised. The data from the present and previous works are in good agreement with shellmodel calculations performed using the jj44bpn and JUN45 interactions. 80 Ga, as found in the present work, associated with the level scheme shown in Fig. 1 . The transition intensities are normalized to that of the 712-keV γ ray, taken as 100. For absolute intensity per 100 decays, multiply the relative intensity by 0.41 (6) . The tentative γ rays are marked with t . The strong transitions were calculated from the prompt γ singles spectrum and the weaker ones from coincidence spectra. All the errors are based on statistical uncertainties and fitting approximations. 80 Zn nuclei were produced by 1.4-GeV protons impinging directly on a thick uranium carbide target. This production mechanism was responsible for the strong presence of proton-rich impurities at mass 80. In the second experiment, in 2011, the proton beam hit a neutron converter, which produced fast neutrons. These then induced fission in the uranium carbide target, producing mostly neutron-rich fragments. The reaction products diffused from the ∼2000
• C hot target via a chemically selective quartz transfer line into a tungsten ionizer, where resonant laser ionization was used to produced an intense, pure Zn ion beam [5] [6] [7] . After extraction and acceleration to 40 keV, the ISOLDE 014320-2 high-resolution separator was used to mass select an A = 80 beam. Around 20 000 ions/s were sent to an aluminium catcher foil at the center of an array of β and γ detectors.
The detection system consisted of a 3-mm-thick NE111 plastic scintillator positioned less than 0.5 mm behind the Al foil at the ion collection point. This detector was used as a fastresponse β detector. The thickness of the plastic scintillator was chosen to yield an almost uniform time response to β particles within a wide range of energies. Two conical, 1.5-in-long LaBr 3 (Ce) crystals were used as fast-response γ detectors. In addition, two HPGe detectors were present, with relative efficiencies of about 60%, covering an energy range of 30 to 4000 keV. These were used to provide a unique selection of γ -decay branches in β-γ (E)-γ (t) fast-timing measurements [8, 9] and to study γ -γ coincidences, in order to determine the level scheme. A 16-parameter PIXIE-4 digital data acquisition (DAQ) system was used to collect energy signals from all five detectors, along with the time of arrival of the proton pulse on the target or converter. Moreover, the DAQ system also collected five time-to-amplitude converter (TAC) signals. Four of the TACs were started by the β signal and stopped by each of the γ detectors, whereas the fifth TAC was started by one LaBr 3 (Ce) detector and stopped by the other. The TAC range for the fast-timing detectors was set to 50 ns, whereas the ones stopped by Ge detectors had a range of 2 μs. The energy and efficiency calibrations of the γ detectors were determined by using sources of 133 
III. EXPERIMENTAL RESULTS
New γ transitions in 80 Ga were assigned from coincidences with previously reported ones in Refs. [10, 11] . A total of 86 transitions in this nucleus are reported in Table I . The level scheme of 80 Ga, as determined in the present work, shown in Fig. 1 , is in good agreement with the previously published ones in Refs. [10, 11] , with one exception. The placement of the 403-keV γ ray in the level scheme shown in Fig. 3 80 Zn. There are a total of 86 γ transitions. The dotted lines indicate weak transitions. The transition labels show the energy value and the relative γ intensity. For absolute intensity per 100 decays, multiply by 0.41 (6) . I β values were determined by an intensity balance between the γ rays feeding and de-exciting each level. The logf t values were calculated using Q β = 7290 keV from [21] . Half-lives for the 6 − and 3 − states are taken from [4] . ordering was confirmed by coincidences with additional newly discovered transitions. The present level scheme, combined with the results reported in [3] , suggest a 1.9-s 6 − ground state, which β decays to feed the 8 + 1 level of 80 Ge, as reported in [12] . The first excited state should then have spin and parity 3 − , corresponding to the long-lived isomer reported in [3] .
The conversion coefficient for the 74.8-keV transition between the 97.1-and 22.4-keV levels is determined to be 0.15 (18) , from the intensity balance in the level scheme and with the assumption that the 97.1-keV level is not directly β fed. On the other hand, the conversion coefficient was found to be equal to 0.20 (20) − is the most likely spin and parity assignment for this level.
An analysis of the time-difference spectra between the LaBr 3 (Ce) detectors and the fast plastic scintillator showed a long-lived decay component which corresponds to the 685.4-keV transition, connecting the 707.8-keV level and 22.4-keV 3 − level. As shown in Fig. 3 , a gate on the 742.0-keV transition in the HPGe spectra was used to isolate the 685.4-keV transition in the LaBr 3 (Ce) detectors. The half-life observed, T 1/2 = 20.9(35) ns, is significantly longer than that of the prompt 642.3-keV line. It was therefore possible to completely isolate the 685.4-keV transition, by selecting only delayed LaBr 3 (Ce) events, with respect to prompt β-LaBr 3 (Ce) ones. Having no gating condition on the HPGe detectors provided better statistics and hence a more precise half-life measurement, yielding T 1/2 = 18.3(5) ns, which is the adopted value. In Table II , a comparison is shown between the reduced transition probabilities for different possible multipolarities and the recommended upper limits [14] . Only an M2 multipolarity has a reduced transition probability of the same order of magnitude as the recommended upper limits. The very low reduced transition probabilities for an E1, M1, or E2 transition would suggest extremely hindered transitions, which are highly unlikely in this mass region. The E3 or M3 reduced transition probabilities are more than one or four orders of magnitude higher, respectively. Based on these observations, we propose a (1 + ) assignment for the 707.8-keV level, even in the absence of observed strong β feeding to confirm this. This assumption is in agreement with the previous tentative assignment [10] . The 1 + spin and parity assignments for the levels at 2677.0, 2092.1, and 1450.0 keV are based on logf t values (indicated in Fig. 1 ) extracted for these strongly β-fed levels. The 1 + assignment for the 2560.4-keV level is only tentative.
IV. COMPARISON WITH SHELL-MODEL CALCULATIONS
In Ref. [15] , the authors address the quenching of the Z = 28 gap around 78 Ni in the shell-model framework with a large valence space containing pf orbitals for protons and pf 5/2 g 9/2 orbitals for neutrons, including the single-particle orbits p 3/2 , f 5/2 , p 1/2 , and g 9/2 . The calculations are able to correctly reproduce the systematics of low-lying states and magnetic moments in Cu isotopes, underlining the importance of including protons from the f 7/2 shell. It is also claimed that the Z = 28 shell closure is diminished when the neutron g 9/2 orbital is filled, thus pointing to the relevance of proton core excitations in order to understand the structure of neutron-rich nuclei in the vicinity of 78 Ni. Honma and co-workers [16] have developed the JUN45 effective interaction for nuclei in the upper part of the pf shell. The model space for both protons and neutrons contains the pf 5/2 g 9/2 orbitals and the effective core is 56 Ni. A more recent effective interaction (jj44bpn), using the same valence space and core as the JUN45 interaction, was developed by Brown and Lisetskiy [17] . Calculations for [71] [72] [73] [74] [75] [76] [77] [78] Ga were published in [18] with the remark that, for the heavier isotopes, the jj44bpn interaction is quantitatively better than JUN45.
We have performed shell-model calculations with the NUSHELLX@MSU code [19] using the jj44bpn and JUN45 effective interactions. In Fig. 4 , a comparison is shown between the shell-model calculations and the present experimental results for 80 Ga. The calculations predict a 6 − ground state and a group of states with spins and parities 3 − , 4 − , 5 − , and 6 − above 300 keV. These states are part of the πf 5/2 -νg 9/2 multiplet, with the 2 − and 7 − states lying higher in energy (above 500 keV). Note that the J = j π + j ν − 1 = 6 − state descends in the N = 49 isotonic chain as Z decreases (see Fig. 31 in [16] ) and becomes the lowest level of 80 Ga. Collinear laser spectroscopy measurements in odd-A Ga isotopes [20] reveal the changing nature of the ground-state spins for 79 Ga (J = 3/2) and 81 Ga (J = 5/2). From the measured magnetic moments the authors concluded that in both isotopes the dominating configuration is π (f 5/2 ) 3 . Therefore, for 80 Ga one would expect that the dominant configuration arises from the coupling of one proton in this orbit to a neutron hole in the g 9/2 orbit.
A second negative-parity multiplet with spins 3 9/2 neutrons. Here the J = j π + j ν − 1 = 5 state drops in energy along the N = 49 isotonic chain and becomes the lowest member of the multiplet when the configuration changes from a proton particle to a proton hole at 82 As. In addition, the jj44bpn interaction provides better estimations for both the energies and β feeding of the proposed (1 + ) levels and B(M2) of the 685.4-keV transition. The latter is predicted to be 0.11 W.u., which agrees well with the experimentally determined value of 0.6 W.u. The value calculated using the JUN45 interaction is a factor of 18 smaller. Quenched g factors of g s = 0.7g free were used in these calculations; these were found in [3] to reproduce the magnetic moments of the ground states of neutron-rich Ga nuclei. The dominant configuration of the 707.8-keV, (1 + ) level is predicted to be πf In Fig. 4 , the β-feeding intensities of states in 80 Ga, populated following the decay of the parent nucleus 80 Zn, are shown. The predictions of the jj44bpn interaction are generally in better agreement with the experimental data than those of the JUN45 interaction. In particular, the strong β feeding of the 1 + 2 state is well reproduced by the calculations using the jj44bpn interaction. The 1 + 1 state is, however, the strongest fed state when the JUN45 interaction is used, despite both interactions predicting similar dominant configurations for these two states.
V. CONCLUSIONS
The present β − decay study brings significant new information regarding the structure of the neutron-rich N = 49 nucleus 80 Ga. The spin and parity of the ground-state is firmly assigned to be 6 − , and the previously unknown excitation energy of the low-lying isomer observed by collinear laser spectroscopy [3] is now fixed at 22.4 keV. This is in agreement with the ground-state assignment based on the shell-model calculations in [3, 16] . A new isomeric level with a half-life of 18.3(5) ns was observed in the present experiment and is proposed as a candidate for the first 1 + state. A comparison between the measured and predicted half-life of this level and the β − feeding intensity distribution over the excited states of 80 Ga proved to be a sensitive test of the shell-model interactions. The predictions of the jj44bpn interaction are in more reasonable agreement with the experimental data than the results obtained with JUN45.
